The daily light-dark cycle synchronizes the internal circadian clock with the outside world. Blind organisms maintain this light-induced entrainment, suggesting the existence of a non-visual phototransduction pathway. The photoreceptor is unknown, but several intriguing candidates have recently come to light. Address The possession an internal clock, capable of keeping roughly 24 hour time, appears to be a quite general property of eukaryotes. These circadian clocks control a wide variety of behaviours and physiological processes, such as the timing of the mammalian sleep-wakefulness cycle, photoperiodism and diapause in animals and plants, and eclosion in insects. In recent years, major advances have been made in elucidating the molecular workings of the clock, which gratifyingly turn out to be widely conserved in evolution. But the link between the clock and day-light cycle to which it is normally entrained is less well understood. Lightinduced entrainment of the circadian clock appears to involve a non-visual phototransduction pathway; while the primary photoreceptor for the pathway has not yet been definitively identified, a number of promising candidates for this role have recently been identified.
The possession an internal clock, capable of keeping roughly 24 hour time, appears to be a quite general property of eukaryotes. These circadian clocks control a wide variety of behaviours and physiological processes, such as the timing of the mammalian sleep-wakefulness cycle, photoperiodism and diapause in animals and plants, and eclosion in insects. In recent years, major advances have been made in elucidating the molecular workings of the clock, which gratifyingly turn out to be widely conserved in evolution. But the link between the clock and day-light cycle to which it is normally entrained is less well understood. Lightinduced entrainment of the circadian clock appears to involve a non-visual phototransduction pathway; while the primary photoreceptor for the pathway has not yet been definitively identified, a number of promising candidates for this role have recently been identified.
The clock machinery
Konopka and Benzer discovered the first example of a mutant animal with an abnormal circadian clock in 1971 -the period mutant of the fruitfly Drosophila. Period mutant flies appear perfectly normal apart from their complete lack of circadian rhythmicity. This discovery provided the first hint that a specific set of genes are dedicated to the circadian clock. In the past three years, four additional Drosophila genes that function primarily in the generation of circadian rhythms have been identified: timeless, dclock (also known as Jrk), cycle and double-time. Mutations in these genes disrupt the self-sustained circadian oscillations of locomotion and eclosion that wild-type flies exhibit, rendering the flies arrhythmic.
The molecular horology by which the products of these genes cooperate to create a clock has become clear over the past year. The core of the circadian pacemaker is the timedelayed negative feedback by the Period and Timeless proteins on transcription of their own genes ( Figure 1 ). In the early evening, when Period and Timeless protein levels are at their lowest, the positive-acting dClock-Cycle dimer drives transcription from the 'e-box' enhancer element of the period, and presumably also timeless, genes. The accumulation of Period-Timeless heterodimers is slowed by the Double-time protein, which phosphorylates Period and thereby destabilizes the protein; this results in a time-delay between the accumulation of period and timeless mRNA and that of Period-Timeless protein dimers.
Once formed, Period-Timeless dimers act to turn off transcription of the period and timeless genes. As the production of Period and Timeless is slowed, the concentration of the dimers is gradually reduced by continued degradation, so that by late night/early morning, dClock-Cycle dimers can again bind to the period and timeless enhancers and reactivate their transcription, thus completing the cycle. The time-delay between period transcription and protein accumulation transforms a simple negative-feedback homeostat into a self-sustained oscillator. Simultaneous transcriptional repression of downstream genes, such as Dreg-5 and Crg-1, by Period-Timeless dimers allows synchronous control of behavior and physiology, coupling the clock to locomotion, feeding and other rhythmic phenomena.
In the past year, mammalian homologues have been identified for all the Drosophila clock genes except timeless (Clock was actually cloned from the mouse first). Cloning of these homologues has permitted study of their expression patterns. The mammalian period gene was found to be expressed in the anatomical circadian pacemaker -the suprachiasmatic nucleus of the hypothalamus -and the expression level was seen to oscillate in a similar manner to its Drosophila prototype. This observation suggests that the basic clock mechanism is conserved from insects to humans (reviewed in [1] ). The implications of this model are profound: transcriptional regulation of a small set of genes can influence the entire temporal behavioral organization of an organism. But the model is incomplete in several ways. Least well understood is how the circadian pacemaker is synchronized with the external night-day cycle.
Linking the clock to light
In the absence of any external time cue, the circadian clocks of most organisms have 'free-running' periods of close to, but not exactly, 24 hours. The human clock has a free-running period of about 24.5 hours, that of the mouse clock is about 23 hours. Synchronization with the external environment is achieved by the daily resetting of the clock to daylight. The effect of light on the oscillator is dependent on the time of day the light is detected. Light detected during the subjective day -the times when the pacemaker is already 'expecting' light -has no effect on the clock cycle. Light detected in the early subjective night, however, puts back the clock phase, whereas light detected in the late subjective night advances the clock phase. The shape of this phase-response curve is phylogenetically conserved. It can be shown analytically that this type of phase-response curve will lead to synchronization between the endogenous clock and the light-dark cycle.
How does light reset the clock? The simplest hypothesis -that the organism's visual system supplies a cue to the central clock to mediate resetting -is wrong. The circadian rhythms of flies that lack eyes -sine oculis mutants, for example -are still entrained to low levels of light [2] . And in mice, advanced retinal degeneration caused by the rd mutation does not affect the ability of light to reset the circadian pacemaker (reviewed in [3] ). These mutant mice are behaviorally blind, their electroretinograms are flat, and histologically they show a complete loss of rods and most cones, yet their circadian rhythms are still entrained to light levels equivalent to moonlight. Some blind humans also appear to retain the ability to respond to light with circadian phase changes [4] . This suggests that there is a quite separate, non-visual light-detecting system that mediates phase shifting by the circadian clock.
Progress in identifying and characterizing the circadian photoreception system has been made both by tracing backwards from clock components to light reception, and by identifying novel photoreceptors. The former approach has led to evidence that Timeless is the primary target in the Drosophila circadian system of the transduction pathway that mediates the response to light, and that calcium is a critical signaling molecule in resetting the circadian pacemaker. Light induces a rapid decline in Timeless levels, with an action spectrum identical to that for circadian phase shifting [5] . This decline is fully preserved in sine oculis flies, but it is somewhat attenuated in transient receptor potential mutants, in which the calcium flux in response to light is aberrant [6] .
In mammals, glutamate released by retino-hypothalamic ganglion cells seems to be the dominant neurotransmitter that mediates phase shifts in response to light. The glutamate appears to act on postsynaptic cells via ionotropic receptors that allow calcium influx, and secondarily through intracellular ryanodine receptors (at least when light acts to delay the clock's phase) [7] . The clock component(s) on which the light-response pathway acts has not yet been identified. Light does, however, appear to induce period transcription in the suprachiasmatic nucleus -notably the decline in Timeless protein levels in response to light will have a similar effect on period expression in the fly. The clock-resetting pathway in Drosophila seems to end in a calcium-mediated decrease in Timeless protein levels, and this role of calcium may be conserved in mammals.
In search of the circadian photoreceptor
It is unclear if the photoreception system that entrains the circadian clock is evolutionarily conserved. In Drosophila, phase shifting of the clock appears to be cell-autonomous, as reporter constructs in which luciferase is expressed under the control of regulatory elements from the period gene show light-induced phase shifting even in explanted wing and leg tissues [8] . In mammals, however, enucleation eliminates light-induced phase shifting. Whether this is due to inability of light to reach the suprachiasmatic nucleus or to non-conservation of the photoreception mechanism is not known. However, the action spectrum for phase shifting -with maximal activity in the blue light range from 480-510 nm -is conserved through phylogeny, suggesting that the chromophore is conserved.
There is heated debate about whether the mammalian circadian clock requires an opsin-based photopigment for entrainment. The spectral sensitivity of the circadian clock is suggestive of a carotenoid-based chromophore, such as the retinal of opsin, and retinal-based photopigments have been isolated from the eyes of rd mutant mice. This would suggest the existence of non-rhodopsin retinal-based photoreceptor molecules. Two such opsin family members have been identified that are expressed outside of the photoreceptors of the retina: melanopsin in the iris and bipolar cells [9] , and vertebrate ancient opsin in the bipolar cells [10] . In Drosophila, however, complete vitamin A depletion, which prevents production of carotenoid-based chromophores, has no effect on light-mediated circadian entrainment [11] . Similar observations have been made on the chicken pineal gland. Avian pinealocytes continue to produce melatonin with a circadian rhythm, even in isolated cell culture. Although opsins are expressed in the pineal gland, depletion of vitamin A from the culture medium has minimal effect on light's ability to phase-shift this rhythm [12] .
Whether carotenoids are necessary and/or sufficient for light-induced circadian phase shifting in mammals remains to be determined. A second possibility is that the circadian photoreceptor is a tetrahydropyrrole photopigment, such as hemoglobin or bilirubin. One suggestion that has been put forward is that light stimulates release of nitric oxide or other humoral mediators via interaction with protein bound heme, and that these mediators in turn shift the clock [13] . Direct evidence for this mechanism is lacking, but a recent report on phase shifting of the human clock by light applied behind the knees has renewed interest in the concept of humoral photoreceptors [14] .
The third, and in my view most intriguing, possibility is that the circadian photoreceptor is a member of the cryptochrome family. These are flavin-based nuclear blue-light photoreceptors related to the photolyase family of DNA repair enzymes. Flavins were first implicated in circadian entrainment in lower eukaryotes nearly 20 years ago [15] . In Arabidopsis, cryptochrome mutants have a late-flowering phenotype that is relatively insensitive to photoperiod, suggesting that this photoreceptor type has a circadian function in plants [16] . Human cryptochromes have been identified; they are expressed in the bipolar layer and ganglion cells of the retina, cells implicated in the circadian resetting in the eye. Notably, expression of one human cryptochrome oscillates with a circadian rhythm in the suprachiasmatic nucleus [17] . Taken together, these observations make a persuasive case that cryptochromes have a conserved role in circadian phototransduction.
Definitive evidence that any of these various chromophores really do act in circadian phototransduction will require genetic and biochemical analysis. No animal mutants have yet been identified for any of the proposed photoreceptor classes, and it is not known whether loss of any of these molecules is compatible with normal development. Although action spectra for shifting the clock phase appear to be consistent with a single photopigment, we do not know for sure that there is no redundancy in the pathway.
Further studies are also required to elucidate the signal transduction pathway that connects the photoreceptor to the clock machinery. Biochemical analysis of the suprachiasmatic nucleus is inherently difficult; the mouse suprachiasmatic nucleus, for example, has only about 10,000 cells. The recent description of a mammalian hepatocytebased circadian system [18] , in which serum-shock can emulate light and entrain a self-sustained oscillator, as assayed by rhythmic expression of period, may provide an amenable in vitro system for biochemically dissecting the clock photoreception and transduction system. Aside from its intrinsic interest to molecular horologists, such studies may also suggest targets for pharmaceutical manipulation of the clock that might eventually allow for medical treatment of such clock-related maladies as jet lag, shift work problems, seasonal affective disorder and some forms of insomnia.
